1. Introduction
===============

The Iberian lynx is considered to be the most endangered felid species in the world ([@bib29]). Its situation is critical due to habitat loss and fragmentation, being confined nowadays to two isolated metapopulations in the southwest of Spain ([@bib15], [@bib13], [@bib33]). Today, less than 200 animals are estimated to be left ([@bib30], [@bib20]). The remaining population presents signs of inbreeding and allele dropout ([@bib21], [@bib17]).

Very little is known about the diseases that affect these animals in the wild or in captivity. Bovine tuberculosis has been reported to be the cause of death of some Iberian lynxes during the years 1998 and 2003 that probably acquired the disease by eating on infected fallow deer (*Dama dama*) or wild boars (*Sus scrofa*) of the area ([@bib7], [@bib2], [@bib31]). A recent histopathological study of our group, evaluating the status of peripheral lymph nodes, spleen and MALT (mucosa-associated lymphoid tissue) in 17 Iberian lynxes necropsied between the years 1998 and 2003, has reported a generalized immune depletion in these animals, apparently not related to infectious agents or malnutrition ([@bib31]).

Routine histological examination of kidneys obtained from the necropsy of 24 animals between the years 1998 and 2005, including the 17 in the above-cited study, revealed a high prevalence of glomerulonephritis (Peña, unpublished data). This disease is common in the domestic cat (*Felis cati*), especially the membranous type, and is usually of immune origin ([@bib18], [@bib16]). Glomerulonephritis can be associated to viral infections caused by feline coronavirus (FCoV), feline leukaemia virus (FeLV) and the feline immunodeficiency virus (FIV) ([@bib16], [@bib35], [@bib18], [@bib28]). These pathogens are known to affect a wide variety of wild felids such as the cheetah (*Acinonyx jubatus*), the African lion (*Pantera leo*), the puma (*Puma concolor*), the Canada lynx (*Lynx canadensis*), etc. ([@bib34], [@bib23], [@bib5]).

Also, many non-specific parasitic infections that can affect domestic animals are associated with immune-mediated glomerulonephritis ([@bib28]). A case of glomerulonephritis associated to heartworm infection has been described in the black-footed cat (*Felis nigripes*) ([@bib10]). Furthermore, a non-immunogenic glomerulosclerosis has been reported in captive cheetahs (*Acinonyx jubatus*) ([@bib24], [@bib6], [@bib25]).

Rare diseases of uncertain origin are frequently described in endangered animals, usually related to poor genetic diversity or to captive conditions. The study of these diseases is important because of their relevance in endangered species conservation programs. A good example of this is the cheetah, considered a paradigm for disease vulnerability ([@bib26]).

This is the first report of glomerulonephritis in the Iberian lynx. The main objectives of this study were to characterize by means of histology, immunohistochemistry, and electron microscopy, the type of glomerulopathy detected in the Iberian lynx, to determine its pathogenesis, and to evaluate serum biochemical and urinary parameters related to renal function in wild and captive Iberian lynx surviving in the southwest of Spain. The membranous glomerulopathy affecting the Iberian lynx is a progressive disease of immune origin. We postulate that the Iberian lynx has a likely genetic predisposition towards the disease, enhanced by inbreeding, and is potentially connected to a possible immune-mediated systemic disease.

2. Materials and methods
========================

2.1. Animals
------------

Twenty-seven necropsies were performed on Iberian lynxes between the years 1998 and 2005. Twenty-one animals came from the wild and six from captivity with ages that ranged from 44 days to 17 years. There were 15 females and 12 males. The main cause of death were car accidents (*n*  = 17), followed by tuberculosis (*n*  = 3), traumatisms (other than car accidents, *n*  = 2), fights (*n*  = 2), squamous cell carcinomas (*n*  = 1), and other diseases (*n*  = 2). Serology and PCR results for various infectious agents that included those related to glomerulonephritis (FCoV, feline calicivirus (FCV), FIV, and FeLV,) were provided. With the exception of one animal that was positive for FeLV in serology, and two that were PCR positive for FCoV (without histological signs of feline infectious peritonitis), the remaining animals were negative for these agents.

2.2. Histopathology and immunohistochemistry
--------------------------------------------

Right and left kidney samples from 27 necropsies were fixed in formalin, paraffin embedded and sectioned 4 μm wide for hematoxilin-eosin, PAS (Periodic Acid Schiff reagent), Masson\'s trichromic, Congo red and methenamine silver stains.

In order to quantify the lesions in the kidneys, each glomerulus was classified according to the severity of lesions in three categories: (1) healthy or mild, (2) moderate and (3) severe glomerulonephritis 148 or glomerulosclerosis. The percentages of each category of glomeruli were established in all samples.

Kidneys were then classified as stage 1 or apparently healthy when over 50% of the glomeruli belonged to category 1 (unaltered or presenting slight changes). The remaining kidneys were classified considering the most prevalent category of glomerular lesion (stage 2, moderate kidney affection; stage 3, severe kidney affection).

The streptavidin--biotin peroxidase method was used on dewaxed kidney sections in order to detect the expression of fibronectin, laminin, and type IV collagen, components of the glomerular basement membrane. This technique was also used for IgA, IgM, and IgG, markers of the immunoglobulin fraction of immune complexes.

Antigens were unmasked with trypsin (Sigma^®^ 0.01%, 37 °C, 10 min) for the detection of laminin, fibronectin, IgA, IgM, and IgG while a buffer citrate (tri-sodium citrate Panreac^®^, 0.3%; pH 6) heated in a microwave oven for 15 min was used to unmask type IV collagen antigen. Endogenous peroxidase was deactivated in all cases (H~2~O~2~ 1.5% in methanol) at room temperature (RT), for 15 min. Unspecific staining of laminin and fibronectin was blocked incubating the slides with normal swine serum (Dako^®^, X0901, dilution 1/30, 30 min, RT) and with normal rabbit serum (Dako^®^, X0902, 1/30) for IgA, IgM, and IgG). The primary antibodies used (all incubated at 4 °C overnight) were polyclonal rabbit anti-laminin (Dako^®^, Z0097, 1/100), polyclonal rabbit anti-fibronectin (Dako^®^, A0245, 1/500), monoclonal mouse anti-type IV collagen (Dako^®^, clone CIV 22, 1/30), polyclonal goat anti-feline IgA (Serotec^®^, AA125, 1/1000), polyclonal goat anti-feline IgM (Serotec^®^, AA124, 1/100) and polyclonal goat anti-feline IgG (Serotec^®^, 173 AA126, 1/1000). Biotinylated secondary antibodies swine anti-rabbit (for laminin and fibronectin, Dako^®^ E0353, 1/200,), rabbit anti-goat (for IgA, IgG, and IgM, Pierce^®^, 31732, 1/200) and rabbit anti-mouse (for type IV collagen, Dako^®^ E0465, 1/200) were used (incubated 30 min at RT) after washing. Slides were then washed and incubated with a streptavidin peroxidase conjugate (Zymed^®^ 43-4323, 1/400, 30 min RT). A chromogen solution containing 3-3′ diaminobenzidine tetrachloride (Sigma Chemical Co. D5059) and H~2~O~2~ in distilled water was used for developing, and finally, slides were counterstained with hematoxylin (Sigma^®^ GH5-2-16). All washes were done with TBS (Tris buffer solution pH 7.4). The glomerular capillary basement membranes served as internal controls for type IV collagen, laminin and fibronectin, while lymphoid tissues with plasmatic cells from Iberian lynx were used as positive controls for IgM, IgG and IgA. Negative controls were used substituting the primary antibodies with TBS.

2.3. Electron microscopy and immunogold labelling
-------------------------------------------------

Selected kidney samples fixed in formalin (*n*  = 4) and in 2.5% glutaraldehyde (*n*  = 4) from animals without concurrent diseases or detected viruses were processed for electron microscopy. After fixation, the samples were washed in a phosphate buffer (PBS, pH 7.2) and included in 1% osmium (diluted in PBS) for 1 h at room temperature. They were then washed in distilled water and dehydrated in acetones of increasing percentage (30, 50, 70, 80, and 100%). The samples were gradually infiltrated in a Müllenhauer mixture resin and solidified at 60 °C for 24 h. The resin blocks were then processed and studied in the Electron Microscopy Center of the Complutense 197 University of Madrid, Spain.

One additional kidney sample fixed in formalin was selected for immunogold labelling of IgM, IgG and IgA. The sample was thoroughly washed in PBS at 4 °C until clear of formalin. It was then dehydrated in alcohols of increasing percentage (30, 50, 75, 95, and 100%) while the temperature was lowered gradually (from 0 °C to −20 °C for alcohols at 30 and 50%, respectively) until reaching −30 °C. Resin blocks were obtained by gradually infiltrating the sample with Lowicryl^®^ resin at −30 °C. Tissue samples were obtained from the resin blocks and placed in grids for immunogold labelling. Polyclonal goat anti-feline IgM, IgA and IgG (Serotec^®^, AA124, AA125, AA126; 1/25) were used as primary antibodies. The grids were incubated at 4 °C overnight and later washed with 0.001 M glycine in TBS. Then they were incubated for 1 h with 12 nm colloidal gold-AffiniPure donkey anti-goat IgG (Jackson ImmunoResearch^®^, 705-205-147, 1/200). The grids were washed again with the glycine solution.

They were stained with 2% uranyl acetate and Reynolds lead citrate, washing with distilled water after both and finally dried and observed by electron microscopy.

2.4. Blood and urine analyses
-----------------------------

Urinalyses from records were available for nine of the necropsied animals. These were retrieved and evaluated.

A prospective study of 23 free ranging and captive Iberian lynxes was carried out ([Table 1](#tbl1){ref-type="table"} ). Blood samples (*n*  = 23) and urine samples (*n*  = 17) were collected from anaesthetized Iberian lynxes ([Table 1](#tbl1){ref-type="table"}). Serum biochemistry parameters related to renal function (total proteins, albumin, blood urea nitrogen (BUN), creatinine, calcium, and phosphorus) were determined. The analytical results have been evaluated based on published values for the Canada lynx (*Felis lynx canadensis*) ([@bib37]), the European lynx (*Lynx lynx*) (Ryser-Degiorgis, personal communication), and the domestic cat ([@bib11]).Table 1Prospective study of analytical parameters related to renal function in the Iberian lynxCase no.NameSexOriginFree/captiveBlood samplesUrine samplesCKD[a](#tbl1fn1){ref-type="table-fn"}Proteinuria[b](#tbl1fn2){ref-type="table-fn"}1AdelfaFSierra MorenaCaptiveYesYes1NP2AliagaFSierra MorenaCaptiveYesNo03ArcexMSierra MorenaCaptiveYesNo24ArrayanMDoñanaFreeYesYes1NP5AlmoraduxMDoñanaCaptiveYesNo06BojFDoñanaCaptiveYesYes1BP7BrezoMCaptive breedCaptiveYesYes0NP8BrisaFCaptive breedCaptiveYesYes0NP9CantarerasFSierra MorenaCaptiveYesNo010CromoMSierra MorenaCaptiveYesYes2NP11EsperanzaFDoñanaCaptiveYesNo312FranMSierra MorenaCaptiveYesYes2NP13GarfioMSierra MorenaCaptiveYesNo314Jabata IIFDoñanaFreeYesYes1NP15ArtemisaFSierra MorenaCaptiveYesYes0NP16JUBMSierra MorenaCaptiveYesYes2NP17MorenaFSierra MorenaCaptiveYesYes3BP18Nati IIMDoñanaFreeYesYes2P19PavónMDoñanaFreeYesYes1NP20RayuelaFDoñanaFreeYesYes1NP21RománMDoñanaFreeYesYes2BP22ViciosaFDoñanaFreeYesYes0NP23WariFDoñanaFreeYesYes2NP[^1][^2]

The urinalysis included urine specific gravity (USG), albumin, glucose, leukocytes, blood, and examination of the urine sediment. The protein-to creatinine ratio was also measured in order to quantify proteinuria.

Chronic kidney disease (CKD) was categorized in four stages using serum chemistry concentrations and considering the presence of markers of kidney damage according to the recommendations of the International Renal Interest Society (IRIS) ([@bib32]). The markers of kidney damage used for the Iberian lynx were: elevated BUN, hypoalbuminemia, elevated serum creatinine concentration, hyperphosphatemia, hypocalcemia, impaired urine concentrating ability (USG was considered normal when ≥1030), proteinuria, and renal hematuria. These must be confirmed to be of kidney origin and at least one must be present to identify the existence of renal disease. Stage 1 (non-azotemic) was considered when markers of kidney damage were present and serum creatinine concentration was \<1.6, stage 2 (mild renal azotemia) presented markers and creatinine values between 1.6 and 2.8 mg/dl. In stage 3 (moderate renal azotemia) creatinine values must be 2.8--3.3 mg/dl, and in stage 4 (severe renal azotemia), creatinine values exceed 5 mg/dl. The stages were further subcategorized using the protein-to-creatinine ratio as proteinuric (ratio \>1.0), non-proteinuric (ratio \<0.5) or borderline proteinuric (ratio 0.5--1.0).

2.5. Statistical analyses
-------------------------

The associations of epidemiological, pathological and immunohistochemical data were studied using computer software SPSS. Categorical variables were analyzed by Pearson and Yates Chi-square tests. Pearson correlation coefficients were used to study continuous variables. Levene *F*-tests were used to analyze the homogeneity of variances. If variances were equal, *F*-tests or pooled *t*-tests were chosen to evaluate the variables. If variances were not equal, then Welch tests or separate variance *t*-tests were selected. Values *p*  \< 0.05 were considered significant. Non-parametric statistical tests (Kruskal--Wallis and Median Test) have been performed when necessary.

Epidemiological variables included: age as a numerical variable in months and as a categorical variable: (young, 0--12 months; young adult, 13--24 months; and adult/senile, \>24 months), gender, origin (Sierra Morena or Doñana), and free or captive. In order to evaluate the kidney lesion, four histopathological variables were used: (a) percentage of glomeruli in category 1, (b) percentage of glomeruli in category 2, (c) percentage glomeruli in category 3 and (d) stage of kidney affection (stage 1, none or minimal lesion; stages 2 and 3, moderate and severe) (categorical). Other variables were considered as present or absent such as interstitial nephritis, peritubular fibrosis, and hyaline cylinders. Immunohistochemical variables concerning normal or increased expression of laminin, IV collagen, and fibronectin and the presence or absence of IgG, IgM, and IgA were also included.

3. Results
==========

3.1. Histopathology
-------------------

A focal, diffuse membranous glomerulonephritis (MGN) was diagnosed in all of the animals, regardless of their age, sex, and whether they came from captivity or from the wild, except a 44-day-old cub that did not present any changes in the glomeruli. Sclerotic glomeruli were focally scattered in the cortex, and stained blue in the mesangium with Masson\'s trichromic ([Fig. 1](#fig1){ref-type="fig"} ). Bowman\'s capsules appeared focally thickened.Fig. 1Iberian lynx. Kidney. Masson\'s trichromic. Membranous glomerulonephritis and glomerulosclerosis. Bar = 34 μm.

The kidneys were classified according to the percentage of altered glomeruli. Ten animals were found to have unaltered or slight changes in over 50% of the glomeruli (stage 1), 16 presented moderate MGN (stage 2) and only one animal had a severe MGN (stage 3).

Interstitial fibrosis was seen in 15 animals and chronic (lympho-plasmacytic) interstitial nephritis in 11 (not including the granulomas found in the kidneys of the three animals with tuberculosis). Other renal lesions such as calcifications and hyaline cylinders in tubules were seen in seven animals. The Congo red stain was negative in all of the animals.

Severity of MGN was found to increase significantly with age: high percentages of normal and minimally altered glomeruli were significantly associated to young animals (mean 66.0% ± S.D. 21.5, median 61.0%) while lower percentages were associated to young adults (mean 40.44% ± SD 19.3, median 35.0% of unaltered glomeruli) and adult/senile animals (mean 28.40% ± SD 28.40, 21.0%) (*p*  = 0.016 ANOVA test). The non-parametric Kruskal--Wallis (*p*  = 0.023) and the Median tests (*p*  = 0.012) were also significant for this association. There was also a positive correlation between the age (in months) 295 and the percentage of severely affected glomeruli (*p*  = 0.001).

The presence of interstitial lympho-plasmacytic infiltrates (chronic interstitial nephritis) was significantly associated to the advanced grade of MGN (*p*  = 0.025). Interstitial fibrosis was evident in advanced MGN (*p*  = 0.056).

3.2. Immunohistochemistry
-------------------------

A slight increase of the three components of the glomerular basement membrane, laminin, fibronectin and type IV collagen was observed in glomeruli at beginning or middle stages of glomerulonephritis, while in glomeruli presenting glomerulosclerosis, laminin and fibronectin would always appear intensely expressed, in a focal or diffuse matter, and type IV collagen could either be intensely expressed ([Fig. 2](#fig2){ref-type="fig"} ) or negative. Laminin expression was significantly associated with the advanced grade of MGN (*p*  = 0.013).Fig. 2Iberian lynx. Kidney. Streptavidin--biotin peroxidase anti-type IV collagen. Same field as [Fig. 1](#fig1){ref-type="fig"}. Intense staining of thickened basement membranes and glomerulosclerosis. Bar = 34 μm.

A positive immunoexpression of IgM and IgG was observed in the thickened glomerular capillary basement membranes in early stages of glomerulonephritis ([Fig. 3](#fig3){ref-type="fig"}, [Fig. 4](#fig4){ref-type="fig"} ), while in glomerulosclerosis, the expression of these two immunoglobulins was negative. IgA expression was negative in all cases.Fig. 3Iberian lynx. Kidney. Streptavidin--biotin peroxidase anti-IgG. IgG deposit along the thickened glomerular basement membranes. Bar = 29 μm.Fig. 4Iberian lynx. Kidney. Streptavidin--biotin peroxidase anti-IgM. IgM deposit along the thickened glomerular basement membranes. Bar = 29 μm.

3.3. Electron microscopy and immunogold labelling
-------------------------------------------------

Electron microscopy revealed irregularly thickened glomerular capillary basement membranes (*n*  = 6/8) and effacement of foot processes (*n*  = 4/8) ([Fig. 5](#fig5){ref-type="fig"} ). Electron-dense deposits, compatible with immune complexes (ICs), were located intramembranously (*n*  = 6/8) ([Fig. 6](#fig6){ref-type="fig"} ). Some electron-lucent areas also were seen in the basement membranes, compatible with areas where immune complexes were being reabsorbed (*n*  = 5/8). In glomerulosclerosis, the capillary basement membranes were thickened and wrinkled; foot processes were effaced and sometimes lost. Electron-dense deposits were not found in this stage.Fig. 5Iberian lynx. Glomerulus. Electron microscopy. Wrinkled and thickened basement membranes with rests of immune complexes (ICs) (black arrowheads) and areas of reabsorption (white arrows). Bar = 5 μm.Fig. 6Iberian lynx. Glomerulus. Electron microscopy. Detail of basement membrane with ICs and reabsorption areas. Bar = 1 μm.

The immunogold labelling for IgM and IgG stained positive the electron-dense structures that were compatible with (ICs) ([Fig. 7](#fig7){ref-type="fig"} ), while IgA was not detected.Fig. 7Iberian lynx. Glomerular basement membrane. Electron microscopy. Immunogold labelling for IgM (12 nm colloidal gold particles) detecting IgM in the ICs. Bar = 500 nm.

3.4. Blood and urine analyses
-----------------------------

The urinalyses available from nine of the necropsied animals presented low urine specific gravity (USG) in five cases (USG \< 1030), three of which presented proteinuria qualitatively measured (albumin ≥30 mg/dl). Two other animals presented proteinuria (albumin ≥300 mg/dl) with normal specific gravity.

Haematuria was seen in six animals and glycosuria was present in one. Serum biochemistry parameters of the 23 live Iberian lynxes were: total proteins (range 5.3--12.3 g/dl; mean 8.6 ± S.D. 1.6; median 8.7), albumin (range 3.27--5,29 g/dl; mean 4.4 ± S.D. 0.6; median 4.47), BUN (range 10--151 mg/dl; mean 58 ± S.D. 31; median 59.0), creatinine (range 0.6--3.3 mg/dl; mean 1.7 ± S.D. 0.8; median 1.6), calcium (range 5.1--11.1 mg/dl; mean 8.2 ± S.D. 2; median 8.9), and phosphorus (range 5.3--13.2 mg/dl; mean 7.4 ± S.D. 2.1; median 6.8). Twelve animals had hyperphosphatemia (phosphorus \> 6.5 mg/dl), 9 presented hypocalcemia (calcium \< 8.2 mg/dl), 11 animals had uremia (BUN \> 60 mg/dl), 10 presented elevated creatinine (creatinine \> 1.6 mg/dl). Nine lynxes presented decreased USG (\<1030) and proteinuria was detected qualitatively in 10 animals.

According to the IRIS CKD classification system, five animals did not present any signs of kidney damage, two presented only slight hyperphosphatemia and uremia that could not be attributed to the kidney so were considered healthy also, six animals were classified in stage 1 (non-azotemic), seven in stage 2 (mild-azotemia), and three animals in stage 3 (moderate renal azotemia). One animal in stage 2 was subclassified as proteinuric and three animals were subclassified as borderline proteinuric in stages 1, 2 and 3 ([Table 1](#tbl1){ref-type="table"}).

4. Discussion
=============

Membranous glomerulonephritis (MGN) in different stages was the main lesion described in the kidneys of the Iberian lynxes. This disease is characterized by an irregular increase of the glomerular capillary basement membranes due to the deposit of circulating immune complexes, or specific antibody attachment to components of the glomerulus ([@bib14], [@bib36], [@bib28]).

The immunohistochemistry revealed basement membranes to be thickened by specific components such as laminin, fibronectin and type IV collagen. The detection of immunoglobulins G and M in the capillary basement with immunohistochemistry along with the intramembranous electron-dense deposits seen with the electron microscopy, confirm the presence of ICs in our samples and an immune origin of the GN. The immunogold labelling results matched the immunohistochemistry since both IgM and IgG were detected over the electron-dense deposits and IgA was absent. Signs of complete and partial reabsortion of ICs were also detected with electron microscopy, but not when there were histological features of sclerosis.

Immune complexes are usually present during initial stages of the disease and are progressively reabsorbed by the basement membrane, which thickens after the process. Repeated injury on the basement membranes can impair their capacity to reabsorb immune complexes and regenerate, and therefore sclerosis of the membranes occurs as it loses its structural detail and capacity to eliminate ICs ([@bib36]).

The most severe lesions, including the glomerulosclerosis, were significantly related to the age of the animals, which corresponds with a progressive degenerative disease.

The other lesions found in many of the kidneys such as chronic interstitial nephritis and tubular fibrosis were less frequent and related to the severity of the MGN, and therefore were considered secondary to the disease. The presence of hyaline cylinders indicates some degree of filtration impairment of the tubuli, as consequence of the glomerular injury ([@bib28]).

The study of the urinalysis available from some of the necropsied animals was important to determine if there were analytical signs of renal dysfunction that corresponded with the histological findings. Unfortunately, only nine urinalyses of the necropsied animals were available. Nevertheless, the presence of proteinuria and low urine specific gravity in five animals, suggests that filtration might have been impaired to some degree. Glycosuria and hematuria were also present in some cases. These are unspecific signs of renal damage and there was no information available about existing extrarenal infections at the time of sampling, therefore their interpretation should be taken with caution.

Blood and urine sampling of the living population was important to evaluate if there was a correspondence between the prevalent histopathological findings and the existence of chronic kidney disease (CKD) in the live animals. There is one study published on serum biochemical characteristics of the Iberian lynx done in 16 wild Iberian lynxes ([@bib4]), and recently another study is being done with a larger number of animals by members of this team, describing the parameters observed in the population regardless of the presence of infection or other diseases. Due to this situation the IRIS staging system is useful since it permits the diagnoses of CKD even when reference ranges are not very accurate ([@bib32]).

According to the results obtained with the IRIS classification system, 16 out of 23 animals presented some signs of chronic kidney disease, though only three presented moderate azotemia and none of them were found in the most severe stage. The presence of renal disease seems to exist among the living population, both captive and wild, and this would correlate with the histological changes detected in the necropsied animals.

Another common feature of renal failure is hyperphosphatemia and therefore was included as a marker of kidney disease. It appears when the glomerular filtration rate declines around 20% below normal ([@bib19]) and it was detected in 12 of the animals. In two of them it was not considered since the urinary analyses were not available and it could have been due to recent ingestion. Hypocalcemia was present in four of the animals with hyperphosphatemia.

The main consequence of hyperphosphatemia is the development of secondary renal hyperparathyroidism ([@bib27], [@bib22], [@bib3]). It is usually associated to hypocalcemia, though hypercalcemia or normal serum calcium concentrations accompanying hyperphosphatemia can also be found due to the compensation of the parathyroid hormone (PTH) ([@bib3]). The consequences of a secondary hyperparathyroidism are completely unknown in the Iberian lynx, but it may be interesting to explore animals during sampling or in future necropsies for signs of pain or osteodistrophia seen in other species ([@bib3]).

Membranous glomerulonephritis is a common glomerular affection in cats that can be associated to viral infections (FeLV, FIV, FCoV, etc.), neoplasms, intoxications (methyl mercury), familial diseases, autoimmune pathologies, or in many cases it is considered idiopathic ([@bib16], [@bib12], [@bib28]). Membranous glomerulonephritis can also be secondary to other systemic immunological diseases such as systemic lupus erythematosus or immune complex polyarteritis in dogs and cats ([@bib28]).

The only Iberian lynx without signs of membranous glomerulonephritis was the 44-day-old female cub that had died in a sibling quarrel. With the exception of the few animals with neoplasias or tuberculosis, or the three lynxes that were PCR positive for viral detection (seven animals altogether), features that could explain the presence of MGN were not found in the rest of the animals.

Other vascular and metabolic diseases like hypertension and diabetes mellitus are non-immunogenic causes of glomerular disease ([@bib1]) and the glomerular capillary basement membranes can also appear thickened due to hypertension or sclerosis ([@bib8], [@bib28]).

Hypertension, probably associated to stress, genetic and dietary factors (a high protein diet), was postulated to be the cause of the glomerulosclerosis described in a high percentage of captive cheetahs ([@bib6]). The pathogenesis of the glomerular injury caused by these diseases lacks an immune component and therefore is different to the one seen in the Iberian lynx.

However, the Iberian lynx is also a carnivore, and high protein ingestion can cause hypertension and accelerate progressive renal failure, which leads to glomerulosclerosis ([@bib8]). Therefore, this could be contributing to the progression of the disease, as occurs in the cheetah, even though the main cause of the glomerulopathy is immunogenic.

Inherited glomerulopathies have been described in many breeds of dogs and there are reports in cats, these are primary glomerular diseases ([@bib19], [@bib9]). It may be interesting to take these into consideration since the Iberian lynx displays very low genetic diversity for a felid, with two remnant populations that have undergone a recent founder effect or population bottleneck ([@bib17]). Recent studies have found that it possesses a deficiency of heterozygosity possibly due to inbreeding and some degree of allele loss ([@bib21]). This could encourage the inheritance of a certain glomerular disease among the population. Animals as young as 5 or 11 months presented glomerulonephritis suggesting there may be a predisposition for the disease.

Also, the cause of the generalized immune depletion described in 17 of the animals ([@bib31]) included in this study remains undetermined and a possible relationship with the membranous glomerulonephritis should be taken into consideration.

As with many species in danger of extinction, with the handicap of low genetic diversity that seem to lead to uncommon diseases, the importance of a detailed study of the diseases that may affect the Iberian lynx is evident.

In conclusion, the membranous glomerulopathy that affects the Iberian lynx is a progressive disease of immune origin. We postulate that the Iberian lynx may be genetically prone to the disease, which could be enhanced by inbreeding and also may have a connection with an immune-mediated systemic disease. Future studies are necessary. Nevertheless, none of the animals are known to have died from chronic renal failure yet, though the results indicate that it may be widely extended, considering that the remaining population is of less than 200 individuals. Because of the critical state of this endangered species, signs of progression of this disease should be watched for, especially in the wild population.
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[^1]: Stage of chronic kidney disease following the IRIS classification system.

[^2]: NP, nonproteinuric; P, proteinuric; BP, borderline proteinuric.
